Abstract Dense strong ground motion observations of the shallow Mw 6.6 2004 Mid-Niigata earthquake, Japan, show a strong, moderately long-period disturbance (5-20 s) immediately following P. The associated ground motion is as large or larger as that in the S waves and surface waves. The nature of this PL phase is revealed with the aid of 3-D finite difference simulations for heterogeneous crust and mantle structures. A strong near-field contribution at the nearest stations grades into an interference packet of multiple PmP waves beyond 100 km that develops normal dispersion with prograde motion. This partially trapped P wave in the crustal waveguide loses energy by conversion to SV at the surface, and these S waves are then lost to the mantle. However, the amplification of PL is strong in the presence of near-surface low-velocity sediments since conversion to S waves is weakened. The behavior of the PL phase in the crustal waveguide at regional distances is a direct analog of the well-recognized W phase that travels in the upper-mantle waveguide. The W phase is a very long period disturbance (100-1,000 s) between P and S phases that can travel to teleseismic distances (1,000-10,000 km) as a superposition of multiple reflections from the mantle that has widely been applied for rapid source inversion for large earthquakes. The PL-W analogy gives the possibility to extend W-phase type source inversion to much smaller events, exploiting the early arrival of PL to give rapid warning of damaging long-period ground motion at regional distances carried by S and surface waves.
Introduction
Often strong ground motion from large, shallow earthquakes presents peculiar signals between the P and S arrivals at moderately long period (5-20 s), with normally dispersed wave trains on the radial and vertical components. Such a long-period P wave train was first noticed by Sommville (1930) in regional-teleseismic records and named the P-long (PL) wave. Oliver and Major (1960) demonstrated that this PL phase could be explained by leaking mode propagation in the crustal waveguide; this concept was further explored by Phinney (1961) and Dainty (1971) .
PL is commonly observed at distances beyond 300 km and has been used in many ways to gain information on crust and upper-mantle structure, for example, across the United States (Oliver, 1964) , on paths to Sweden (Ibrahim, 1969) , across Tibet (Shaw & Orcutt, 1984) , along Japanese Islands (Fujita & Nishimura, 1991; Yamagishi, 1971 Yamagishi, , 1972 Yoshii, 1969a Yoshii, , 1969b , and in New Zealand (Lodge et al., 1999) . The nature of the propagation process for PL and its interaction with heterogeneous crustal structure has been studied with the aid of various numerical techniques such as generalized ray theory (Helmberger & Engen, 1980) , wavenumber integration technique (Shaw & Orcutt, 1984) , and the modal summation technique (Vackář et al., 2014) . These approaches have been extended to PL waveform inversion to infer detailed crustal structure (Fujita & Nishimura, 1993; Holt & Wallace, 1990) . The PL waves linked to Pn (Pnl) have been used for point-source inversion (Patton & Doser, 1988) and finite-fault source inversion (Mendoza & Hartzell, 2008) , surface wave path correction (Tan et al., 2010) , and site response estimation (Savage & Helmberger, 2004) . potential disasters from long-period ground motions at the natural periods of tall buildings carried by the later part of the seismic wave train. Such strong effects from S and surface waves occurred, in Tokyo from the 2004 Mid-Niigata, Japan, earthquake (e.g., Furumura & Hayakawa, 2007) . This shallow Mw 6.6 event produced clear propagation of moderately long period PL (5-20 s) to distances up to 300 km, with as large a signal as the later S and fundamental-mode Rayleigh waves.
In this study we analyze the dense strong motion records for the 2004 Mid-Niigata earthquake to examine the generation and propagation process of the PL phase at near-regional distances. We conduct 3-D finite difference method (FDM) simulations of seismic wave propagation to understand the interaction of PL with heterogeneous crustal structure, including sediments. The observations and simulations demonstrate that at very close distances near-field contributions are apparent in the longer-period wavefield. Beyond 100 km, constructive interference of multiple wide-angle PmP reflections leads to long and dispersive PL trains. The amplitude of PL is also enhanced in the presence of low-velocity sediments, since enhanced P-to-P reflections and S-to-P reflections at the free surface supply larger P wave energy into the crust.
The crustally trapped PL can be regarded as an analog of the W phase that propagates in the mantle. This W phase (Kanamori, 1993) appears between the P and S arrivals out to teleseismic distances (1,000-10,000 km) with a very long period (100-1,000 s) wave trains. The similarity between the nature of the PL phase and W phase, at different spatial and temporal scales, is demonstrated by observations and 3-D FDM simulation for the 2011 Off Tohoku, Mw 9.0 earthquake.
Observed Near-Regional PL From the 2004 Mid-Niigata Earthquakes
On 23 October 2004 a large inland earthquake occurred in Niigata Province in central Japan ("2004 MidNiigata earthquake"). The Mw 6.6 event initiated at a depth of 8 km and caused severe damage, with 68 deaths and more than 4,800 casualties.
The peak ground velocity (PGV) distribution obtained by interpolation of the values from the K-NET and KiKnet strong motion network after integration of the observed accelerograms, showing a broad spread of PGV across Japan (Figure 1a) . The PGV pattern is distorted significantly from the isoseismals with northeast- southwest stretched PGV contours to Tokyo. This extension is due to strong radiation of seismic waves toward the southwest, and dramatic amplification of long-period (6-10 s) ground motions in the Kanto (Tokyo) basin that is covered with very thick sediments (>3,000-5,000 m; see, e.g., Furumura & Hayakawa, 2007) . Such sedimentary basin amplification also occurs in the Echigo (Niigata) basin, and so extends the PGV contours in northeast-southwest directions along the coast.
A record section of radial (R) component ground velocity for the 2004 Mid-Niigata earthquake is shown in Figure 1b . This section is made in a southeasterly direction from the hypocenter to 200 km, roughly perpendicular to the strike of the source fault of this event, so that there will be strong P and SV radiation in this direction. Each trace in the record section is multiplied by epicentral distance to compensate for the geometrical attenuation of body waves. The theoretical traveltime curves for direct P and S waves and Rayleigh waves are indicated in Figure 1b .
The record section for this shallow event displays large S body waves with a lengthy long-period motion of surface (Rayleigh) waves. Both the body and surface waves are amplified by low-velocity sediments and can develop large, long wave trains lasting several tens of seconds (e.g., stations TCGH12, TCGH16, and IBR006). The pockets of larger PGV at some sites away from the hypocenter arise from these sediment amplification effects. Three-component record sections of ground-velocity and ground-displacement for this event are shown in Figure S1 .
On the R-component record section (Figure 1b ), large-amplitude long-period (>5-10 s) pulses appear immediately after the P wave even for the closest stations and propagate to distances beyond 200 km. These large, long-period pulses spread between the P and S arrivals with normal dispersion and can be recognized as the PL phase (Oliver, 1961) traveling in the crustal waveguide. The large PL pulse is developed by multiple wideangle PmP reflections in the crust to give extended long-period PL wave trains. The distinctive dispersion and particle motion of PL become most evident beyond 100 km epicentral distance (Figure 2 ).
The record section in Figure 1b shows that the amplitude of long-period PL is often as large as or larger than the S and Rayleigh waves. Hence, the strongest ground motions from shallow inland earthquakes at regional distances (>50-200 km) are not necessarily carried by the S wave and surface waves, but can also be induced by the PL phase at much earlier times immediately following P. The way in which long-period PL produces large ground motion at regional distances can be seen clearly in the record section of ground displacement shown in Figure S1b . Other examples of near-regional PL observations from large, inland earthquakes (Mw > 6) are also displayed in section S2 of the supporting information ( Figure S2 ). The lower panel illustrates the particle motions of P, PL, and Rayleigh phases projected onto the R-Z plane for the time windows indicated on the trace displays.
Particle Motion of PL
In order to see the properties of the long-period P wave pulses (PL) in more detail we display threecomponent radial (R), transverse (T), and vertical (Z) ground-velocity motions recorded at the K-NET and KiK-net stations at near-regional to regional distance in Figure 2 . We illustrate TCGH07 at 69 km distance, TCG005 at 108 km, and IBRH15 at 152 km. The long-period P wave pulse starts immediately after the P arrival and continues to the beginning of the Rayleigh waves. The long-period P wave train is clearly seen on both R and Z motions, though much larger in R. There is no signal on the T component, as would be expected from the radiation and propagation of P waves. With increasing propagation distance the long-period PL wave train extends and begins to show normal dispersion.
The particle motion of the PL phase shows elliptically polarized prograde motions in the R-Z plane, opposite to the retrograde motion of the Rayleigh wave. This behavior is typical of PL and is often explained by the properties of leaking modes in the crustal waveguide compared to the trapped mode Rayleigh wave (Oliver & Major, 1960) . At short distances the particle motion shows almost linear P wave motion (Figure 2a ; TCGH07, 69 km). Prograde behavior becomes well developed with increasing distance (Figure 2b ; TCG005, 108 km), once several wide-angle PmP reflections couple in the crustal waveguide. The PL phase travels near horizontally in the crustal waveguide with elongated particle motions in R direction at larger distances, where the long wave train shows normal dispersion (Figure 2c ; IBRH15, 152 km).
Contribution of Near-and Far-Field Terms to the Regional Long-Period Wavefield
Most seismic observations are adequately described by the far-field contributions from the source that depend on moment rate. However, for long-period wavefields close to the source, the near-field and intermediate terms become important. The intermediate term depends on the moment function and near-field term on the integral of the moment function with rapid decay with distance (e.g., Ben-Menahem & Singh, 1981) .
For very large (Mw > 8-9) earthquakes the near-field contributions arriving between P and S can have similar amplitude to the far-field term at teleseismic distances for very long periods (>100 s; Cummins, 1997; Jiao et al., 1995; Vidale et al., 1995) . Similar effects arise for more moderate size events at regional distances, for example, for the longer-period components of PL.
At the shortest regional distances (<50-100 km) the near-field terms are significant and produce a ramp between the P and S arrivals. This is clearly displayed in three-component records of ground velocity and displacement (see section S1 of the supporting information and Figure S1b ). Such close-field contributions are more important for displacement and modulate the far-field response. Thus, the peculiar observed features of the long-period PL wave trains at the shortest distances are largely formed by the contribution of the nearfield and intermediate terms, which are more significant on the displacement records.
However, the main contribution to ground velocity, especially beyond 150 km, comes from the superposition of multiply reflected PmP pulses with a diminishing contribution from close-field effects (see also section S.3 of the supporting information for comparison of the near-field terms for large earthquakes calculated from the theoretical Green's function in 3-D; e.g., see Aki & Richards, 2002, Chap. 4.3) . Thus, the observed longperiod PL wave trains in the velocity record at regional distance (>100-150 km) come from the far-field terms. In the displacement record the near-field and intermediate terms are still significant and make a ramp-type waveform between P and S and a static offset after the arrival of S ( Figure S3b ).
Observations of Near-Regional PL From Small to Large Earthquakes
In order to see how the generation of long-period PL depends on magnitude, we examine the change in the PL waveform in the R-component ground velocity and displacement records by comparing the mainshock (Mw 6.6) and aftershocks (Mw 6.3-3.2) of the 2004 Mid-Niigata earthquake ( Figure 3 ). These seismograms come from continuous records of strong motion at the F-net station YMZF, epicentral distance 128 km (see Figure 1a for station location).
The significance of long-period (5-20 s) PL decreases dramatically with decreasing Mw (i.e., with decreasing corner-period of the source fault), and PL is almost concealed by the high-frequency P coda for smaller events (Mw ≦5.0). However, long-period PL can still be identified in the displacement records even for smaller event (Mw 3-4) unless hidden by long-period ground and instrumental noises.
For such smaller events the dominant period of PL is much longer than the duration of the source risetime (<2-3 s for Mw < 5) and arises from constructive interference of multiple PmP reflections in the crust. Thus, the character of the long-period PL waveform for smaller earthquakes will be largely controlled by the interference of crustally reflected phases (determined by crustal thickness and wave speed).
For large earthquakes (Mw > 6) the peculiar long-period PL waveform that spreads between the P and S arrivals (and even beyond S) develops from the convolution of the longer source time function (>5-6 s) with the crustal P interference packet, with some modulation by the close-field terms from the source (see top two displacement records in Figure 3 ).
Azimuthal Variation of Regional PL Amplitude
The strong motion area around the 2004 Mid-Niigata earthquake is well covered by the K-NET and KiK-net strong motion network, so that good azimuthal control can be obtained. Figure 4 plots an azimuth section of R-component ground velocity at roughly similar epicentral distances (70-90 km) as a function of azimuth from the fault strike. The PL-phase wave has largest amplitude in the direction normal to the fault strike (90 and 270°) where larger radiation of the P waves comes from the reverse-fault source. Also, larger SV-to-P converted waves after reflections at the free surface and Moho are expected in this direction. Very little PL is seen for azimuths around 0 and 180°, parallel to the fault-strike. Therefore, the wide spreads of larger PGV from the hypocenter to southeast as we find in Figure 1a can be generally be explained by the development of long-period PL from larger radiation of the P and SV waves in this direction, together with a significant amplification of the long-period ground motions by resonance with thick sediments such as beneath Kanto (Tokyo) Basin. Figure 1a by blue circle). The records of the mainshock (Mw = 6.6) and aftershocks (Mw = 6.3-3.2) demonstrate the change in the strength and dominant period of the PL phase as a function of magnitude.
FDM Simulation of PL Propagation
In order to see the way in which such long-period PL is generated at regional distances from the shallow earthquakes, we have undertaken 3-D FDM simulations of seismic wave propagation. Three-dimensional simulation is needed to ensure that the close-field components are correctly represented.
We first conduct a simulation using a layered structure model to follow the development of the PL phase and the effect of near-surface sedimentary layers. We then extend the 3-D simulation to include realistic crust and mantle structure for central Japan and compare with the observed waveforms of the 2004 MidNiigata earthquake.
The FDM simulations are carried out using OpenSWPC (Maeda et al., 2017) that is suitable for large-scale simulation using parallel supercomputers. In this simulation nearly frequency independent anelastic attenuation (Qp and Qs) is introduced over the frequency band between 0.01 and 1 Hz. To suppress the artificial reflections from model boundaries, a perfectly matched layer is placed in the outer 20 grid points of the model. This simulation was conducted on the EIC parallel computer system at Earthquake Research Institute, the University of Tokyo. The computation required 273 Gb of computer memory and 1 hr CPU time with parallel computing using 36 nodes (432 cores) of SGI ICE-X (Intel Xeon E5-4627 v2).
Simulation for Laterally Homogeneous Models
We conduct a 3-D FDM simulation using a laterally homogeneous structure with P and S wave speeds and densities based on the ak135 Earth model (Kennett et al., 1995) . Anelastic attenuation is included with Qp set at 300 for the upper crust, 600 in the lower crust, and 800 in the mantle, and Qs = 2/3 Qp. The 3-D FDM simulation was conducted in a volume with horizontal extent 580 km by 200 km and 150 km in depth, discretized with a grid interval of 0.25 km (Figure 5a ). The seismic source is placed at the centroid moment tensor (CMT) depth (8 km) of the 2004 Mid-Niigata earthquake; the reverse faulting is represented by a point-dislocation source (strike 0°, dip 45°, and rake 90°) with a 6 s triangle source time function.
We compare these results with those for a modified model ak135_sedi, with sediments introduced in the near surface, which mirrors the behavior of the JMA2001 model (Ueno et al., 2002) routinely used for hypocenter 
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Journal of Geophysical Research: Solid Earth determination in Japan. The near surface layer has Vp, 4.68-5.5 km/s; Vs, 2.6-3.1 km/s; Qp, 225; and Qs, 150 with a midcrustal interface (Vp, 6.8 km/s; Vs, 2.9 km/s; Qp, 300; and Qs, 200) at 8 km depth (see Figure 5c ).
Simulation Results
The results of the wavefield simulations for the ak135 and ak135_sedi models are shown in Figure 6 (also see Movies S1-S3). For each model we show snapshots of the 3-D seismic wavefield in which the P wavefield, shown in red, is calculated taking the divergence and the S wavefield, shown in green, using the curl of the 3-D field.
The snapshots of the seismic wavefield from the FDM simulation indicate the way in which the P wavefield develops by the superposition of multiple reflections within the crust that constructively interfere to produce a long-period PL wave train (Figure 6a ).
At close distances (<100 km) there is a significant contribution from the near-field terms from the source modulating subcritical Moho reflections (15 s frame). At larger distances (>150 km) strong postcritical PmP reflections become important (30 s frame). The multiple contributions build to a near-horizontally traveling PL complex. However, significant P energy is lost through conversion to SV at the free surface (45-60 s frames), which exits the crust into the mantle (see 45 s frame for inclined plane S wavefronts spreading from Pn and PmP). Conversions from Sn-to-P and SmS multiples to P (60-75 s frames) extend the PL wave train up to the Rayleigh wave. The net effect is a development of a large and prolonged long-period P wave train out to distances of 200 km. In section S4 of the supporting information we compare the distribution of PL energy through the crust with the Rayleigh wave that has stronger surface concentration ( Figure S4a ).
In the presence of lower velocity sediments at the surface (ak135_sedi; Figure 6b ), the near-surface path of the PmP reflections becomes steeper to develop larger P-to-P reflections from the free surface at shorter distances. Also, the PL amplitudes become stronger, enhanced by amplification in the sedimentary layer. Thus, out to 200 km, the peak amplitude of PL becomes stronger and occurs a little later than without sediments. Due to the sediment, P-to-SV conversion at the surface is reduced and SV-to-P conversions are enhanced (75 s frame); both processes produce larger and longer PL wave trains. The later SV-to-P conversion process that produces shear-coupled PL (Oliver, 1961 ) also extends the duration of PL (75 s frame). Lg begins (Kennett et al., 1995) and modified ak135_sedi model including sedimentary layers and midcrustal interface following JMA2001 (Ueno et al., 2002) . Also see Movie S1.
to emerge from the superposition of multiple SmS at larger distances (>150 km), arriving ahead of a strongly dispersed Rayleigh wave. The sediments also affect the distribution of PL energy through the crust as discussed in section S4 of the supporting information ( Figure S4b ). These 3-D wavefield simulations confirm the importance of near-surface sediments for determining the character of PL, as noted by Fujita et al. (1990) from the properties of free-surface reflection coefficients of P and S, and also from the theoretical seismogram study of Vackář et al. (2014) .
3-D Simulation of PL Propagation From the 2004 Mid-Niigata Earthquake
We now employ a realistic heterogeneous crust and mantle structural model beneath central Japan to conduct a 3-D FDM simulation of seismic wave propagation for the 2004 Mid-Niigata earthquake. The simulation volume covers 402 km by 200 km in horizontal directions and 150 km in depth, and again has been discretized with a grid interval of 0.25 km (Figure 7) . Figure 7a shows the domain in map view with the location of the earthquake and the K-NET and KiK-net stations employed in the record sections shown in Figure 1 . We also indicate the configuration of the vertical section A-A 0 through the 3-D simulation model that is used to display the record sections and snapshots of the seismic wavefield shown in Figure 9 . The crust and upper-mantle structural model is derived from the JIVSM model (Koketsu et al., 2012) Pacific and Philippine-sea plates, but effects from these steeply descending slabs on crustal propagation occur mostly beyond the land area of the Japanese Islands.
The source model of the 2004 Mid-Niigata earthquake is approximated by a point source with a 6-s duration triangular source time function, using the source mechanism from the F-net Moment Tensor catalog (strike 212°, dip 47°, and rake 93°) with a centroid source depth of 8 km and seismic moment of 7.53 × 10 18 Nm.
With the minimum S wave velocity of 0.55 km/s from the JIVSM model, with a 0.25 km grid interval, the simulation maintains a sampling of 4 grid points per minimum wavelength up to 0.55 Hz (period >1.8 s). This period range is enough to examine long-period PL propagation in heterogeneous crustal structure with sedimentary cover.
Simulation Results
The results of the 3-D FDM simulation for the 2004 Mid-Niigata earthquake are shown in Figure 8 with the snapshots of 3-D seismic wavefield at 12, 30, 42, and 54 s after the earthquake initiation (also see Movie S4). The resultant 3-D wavefield shows the development of a significant long-wavelength PL phase with enhanced amplitude traveling along the long axis of the model. The approximately circular wavefronts surrounding the source at the surface represent large-amplitude Rayleigh waves. These wavefronts become distorted at later times due to strong scattering and dispersion interactions with the sedimentary layers. shows the configuration of crust and mantle structure and Pacific and Philippine-sea plates with S wave speed (Vs), taken from the JIVSM model (Koketsu et al., 2012) .
In Figure 9 , we display record sections of the simulated 3-D wavefield at the K-NET and the KiK-net sites (A-A 0 of Figure 1 ) and snapshots of seismic wavefield along the vertical section at 30, 42, and 54 s after the earthquake initiation (also see Movie S5). The snapshots and movie show a very complex wavefield as the seismic waves interact with 3-D heterogeneous crust and mantle structure. Strong effects arise especially from the sedimentary layers with significant amplification and scattering of P and S waves and Rayleigh waves.
The general pattern of PL propagation is similar to that seen for the layered structures ( Figure 6 ) but is modulated by the 3-D variations in structure and the presence of the dipping subduction zones. At close distances the near-field source terms contribute to PL, and as distance increases the influence of multiple PmP phases becomes important (42 s frame). These reverberations are modified somewhat by the gradual thinning of the crust as the Pacific plate is approached.
After PL, the mantle Sn and wide-angle SmS reflections become prominent features, followed by a scattered and dispersed Rayleigh wave interacting with the varying surface structure (54 s frame).
A synthetic record section of the R-component ground velocity of the K-NET and KiK-net stations on land is shown in Figure 9a . The section is extended with hypothetical stations located at regular intervals at sea along the cross section A-A 0 (the locations are shown in Figure 7 with red and yellow triangles). The seismograms show a strong resemblance to the observations (Figure 1 ). The larger distance (>150 km) results show the progression of normally dispersed long-period PL wave trains between the P and S arrivals. For comparison, Figure 9b displays the observed record section after applying the same band-pass filter (0.01 to 0.55 Hz) as the synthetic record section. The simulated wavefield provides a good representation of the main character of the observed record from PL to the Rayleigh wave. The synthetic records for the K-NET and the KiK-net stations on sediment (TCG004, TCGH12, and IBR004) show complex amplified PL and Rayleigh wave trains, which explain the observed feature of the large and long-time lasting ground motions (Figures 1 and 9b) . Figure 9d compares the three-component ground velocity motions of observed and synthetic records at station IBRH15, and Figure 9e compares the particle motions of the PL and Rayleigh waves, showing a fairly good correspondence in the waveshape and oscillation properties of the PL phase and the following S and Rayleigh waves. Compared with the layered simulations in Figure 6 , the amplitude of the simulated and observed PL is much larger on the R component than Z, which is a common feature of the observed PL phase at regional distances for heterogeneous structure.
Discussion
The crust is an efficient waveguide for S waves with multiple postcritical reflections between the free surface and the large impedance contrast at the Moho. Thus, Lg consists of the composite effect of multiple wideangle SmS reflections in the crustal waveguide. The crust forms a less efficient waveguide for P waves since P-to-SV conversion always occurs at free surface. Significant attenuation of the P waves is produced by leakage of S energy into the mantle.
Nevertheless, multiply reflected P waves traveling in the crustal waveguide can constructively interfere to produce a long-period signal (period greater than 5-10 s) partially trapped in the crust, which appears between the P and S arrivals. The effects are enhanced in the presence of low-velocity sediments at the surface, since their presence reduces conversion to S, and so enhances crustal trapping.
With observations and 3-D FDM simulations we have shown that PL at regional distances (100-300 km) develops from constructive interference of wide-angle PmP reflections in the crust to give a long-period (5-20 s) and normally dispersed wave trains. At the closest stations near-field effects can be strong, but transition smoothly into the interference packet at greater distances. Excitation of PL is strongest for shallow sources, as expected from the eigenfunction behavior (Figures 6 and S4) . The source-depth dependence is explored further in section S5 of the supporting information ( Figure S5 ).
Teleseismic, Ultra-Long-Period W-Phase Traveling in Upper-Mantle Waveguide
The wave speed distribution with depth in the Earth's interior displays major jumps to increased velocity at, for example, the Moho and 660 km discontinuity, and so provides waveguides with zones with reduced seismic velocities at a variety of scales. Thus, the partially trapped PL phase in the crustal waveguide seen at regional distances is a direct analog of the well-recognized W phase traversing the mantle by multiple reflections along the spherical Earth's surface and seen at teleseismic distances (Kanamori, 1993) .
The W phase is often identified as an ultra-long-period (100-1,000 s) signal between the arrival of the P and S phases in teleseismic records (10-50°). This W phase has widely been applied for the estimation of source parameters of large earthquakes (Mw > 7.5; Kanamori & Rivera, 2008) , with the aim of early tsunami warning, since the W phase arrives much faster than S and the surface waves. Moreover, the smaller amplitude of the W phase means that it is recorded without clipping the waveform of high-sensitivity broadband seismographs. The generation and propagation of the W phase have been explained by the superposition of multiply reflected body phases P, PP, PPP, PS, SP, S, and SS from the surface and mantle (Kanamori, 1993) , with "whispering-gallery" type wave propagation along the spherical Earth's surface (Bullen & Bolt, 1985) . Because of the long wavelength (>1,000-10,000 km) of the ultra-long-period W phase, even at large, teleseismic distances (5,000-15,000 km), the near-field term of large earthquakes can appear as a ramp between P and S waves in the long-period records (Cummins, 1997; Jiao et al., 1995; Vidale et al., 1995) . Thus, the W phase arises from constructive interference of many reflected phases between free surface and the increasing wave speeds in the mantle, modulated by both near-and far-field source contributions, similar to the PL phase developed in the crustal waveguide. The relation between W and PL generation and propagation is represented schematically in Figure 10 . Both classes of wave are associated with partial trapping in waveguides at different scales: crustal-PL; upper-mantle-W.
Recently, W-phase source inversion has been successfully extended to much smaller events down to Mw 5.0 using the period band from 50 to 150 s at closer distances (e.g., Duputel et al., 2012; Hayes et al., 2009; Usui & Yamauchi, 2013; Zhao et al., 2017) . Such W phases at regional distances link directly to the PL phase. (Figure 11a ) and the W phase in the teleseismic records (1,000-12,000 km) of the 2011 Off Tohoku, Mw 9.0, earthquake obtained from the IRIS broadband networks (Figure 11b ). Both record sections illustrate the Z-component ground displacement that enhances the long-period PL and W phases at larger distances. The reduction velocities of 7 km/s for PL and 14 km/s for W are chosen to be characteristic P wave speeds for the crustal and upper-mantle waveguides. We can identify the PL phase at regional distances and the W phase at teleseismic distances. Both phases display similar waveform features with long-period, dispersed signals between the P and S arrivals from interactions with reduced-velocity waveguides in the Earth's interior at different space and timescales.
In Figure 12 we compare the three-component waveforms and particle motions of the PL phase and W phase; regional PL is displayed for the F-net ISIF station at epicentral distance of 536 km, and teleseismic W for PMG station in Papua-New Guinea at 5,300 km. The waveshape of the W phase shows similar properties to the PL phase in terms of long-period, weakly dispersed features, which appear in the Rand Z-component motions between the arrivals of the P and S waves, but at approximately 10 times larger timescale. Both particle motions show elliptical polarized prograde motion in the R-Z plane, opposite to the retrograde motion in the Rayleigh wave. Further examples of the resemblance of the waveshapes of the teleseismic W phase and regional PL phase are shown in Figure S6 of the supporting information. Duputel et al. (2012) analyzed a large number of earthquakes to examine the W-phase amplitude as a function of distance and azimuth from the source. They demonstrated a two-lobe azimuthal pattern of the observed W-phase amplitude for pure thrust or normal-fault earthquakes, which corresponds well with the behavior of PL phase shown in Figure 4 . 
FDM Simulation From Regional PL to Teleseismic W Phase
In order to see the way in which the ultra-long-period (100-1,000 s) W phase develops in the uppermantle waveguide by multiple reflections from the mantle, we have conducted a 3-D FDM simulation of seismic wave propagation from regional to teleseismic distances from the 2011 Off Tohoku, Mw 9.0 earthquake. 
Simulation Model
The model used for the 3-D simulation covers 12,288 km by 2,048 km in horizontal directions and 1,950 km in depth, discretized with a grid interval of 2 km (see bottom map of Figure 11b for the area of the simulation). The FDM simulation is conducted using OpenSWPC (Maeda et al., 2017) in a Cartesian-coordinate system with Earth flattening, which imposes slight increase in the gradient of P and S wave speeds with depth to compensate for the sphericity of the Earth. The structural model for the FDM simulation is taken from the ak135 reference Earth model (Kennett et al., 1995) with Qp and Qs from Montagner and Kennett (1996) . The lowered wave speeds in the crust are expecting to act to amplify the W phase, as an analog of the interaction of PL with the sedimentary layer.
The seismic source is approximated by a double-couple point source following the gCMT solution of the 2011 Off Tohoku earthquake (strike = 203°, dip = 10°, and rake = 88°) with a 70-s duration triangular source time function and Mo = 5.31 × 10 29 Nm.
This large-scale 3-D FDM simulation was conducted using the Earth Simulator supercomputer at the Japan Marne Science and Technology Center (JAMSTEC) with 1,532 Gb of computer memory and 5.7 hr CPU time with parallel computing using 512 nodes (2,048 cores) of the NEC SX-ACE supercomputer.
Simulation Results
The result of the 3-D FDM simulation of the wavefield from regional to teleseismic distances for the 2011 Off Tohoku earthquake is shown in Figure 13 with the snapshots of the P and S wavefields along a vertical cross section A-A 0 cutting through the source and stations to southeast (see Figure 11b ). The sequence of snapshots highlights the way in which multiple reflections build up to produce a distinct, and extended long-period complex of waves. As the distance increases successive multiple reflections from the mantle enhance the interference packet (500-950 s frames), which can persist to large distances. Some loss of energy from the W phase occurs due to P-to-SV conversion at free surface. This conversion produces steeply traveling S waves that are lost to the lower mantle (see 350-650 s frames). In the later snapshot frames we can also identify shear-coupled PL waves (S-PL; Oliver & Major, 1960) developed by SV-to-P conversion coupling into the crustal waveguide. Such shear-coupled PL can be identified in regional-teleseismic records (e.g., Baag & Langston, 1985; Furumura & Kennett, 2017; Pettersen, 2007; Zandt & Randall, 1985) .
In Figure 14 we display the Z-component record section from the 3-D simulation for the 2011 Off Tohoku earthquake. The long-period (30-50 s) PL phase is just visible at regional distances (500-2,000 km) between the P and S arrivals and connects to the much longer-period (>100 s) W phase at teleseismic distances (>2,000-3,000 km). The W phase has its largest signal in the distance range from 4,000 to 6,500 km where the arrival of the PP reflections supplies a large amount of P wave energy (see snapshot of 650 s in Figure 14 ). The long-duration W phase can be traced to over 10,000 km.
Conclusion
We exploit dense strong motion observations for the shallow 2004 Mid-Niigata, Mw6.6, Japan, earthquake and compare with 3-D FDM simulation of the seismic wavefield to examine the nature of the moderately long-period (5-20 s) PL phase at regional distances (100-1,500 km).
Visualizations of the evolution of the regional seismic wavefield and record sections of synthesized seismograms demonstrate the development and propagation processes of PL as it interacts with the crustal waveguide. At close ranges (<50-100 km) the near-field contribution from the source is important at long periods. The main contribution to the PL phase comes from constructive interference of multiply reflected PmP waves at distances beyond 100 km. The detailed character of the PL phase depends quite strongly on near-surface conditions, for example, presence or absence of sediments. Figure 11 ). The theoretical traveltime curves for P and S phases calculated for the ak135 Earth model are marked.
The propagation of the PL phase at regional distances and the much longer-period W phase (100-1,000 s) observed at teleseismic distances (1,000-10,000 km) have common features at different space and timescales. The PL phase is built up in the crustal waveguide by interference of multiple PmP reflections and the W phase in the upper-mantle waveguide. In each case, lowered velocities near the surface amplify the PL and W phases by reducing the leakage of the P wave energy from the waveguides.
The W phase has been used extensively for CMT source inversion for large (Mw > 7.5) earthquakes and rapid tsunami warning (Kanamori & Rivera, 2008) . The continuity of behavior between PL and W indicates the possibility of further extension of W-phase style source inversion to much smaller events (i.e., to Mw > 5.0; Duputel et al., 2012; Hayes et al., 2009; Usui & Yamauchi, 2013; Zhao et al., 2017) exploiting dense observation networks at regional distances. Although longer period waves are expected to have less sensitivity to structure, good models of crustal and sedimentary structure are needed to capture accurately the behavior of PL, and thereby extend the W-phase type CMT source inversion to the much shorter-period PL phase. The early arrival of the long-period PL phase also offers the possibility of rapid warning in advance of strong longperiod ground motions carried by later S and surface waves that may induce resonance to tall buildings in sedimentary basins.
